One of the major concerns regarding major depressive disorder is that it shows the tendency to become chronic, 1 with devastating consequences for patients such as a low quality of life, increased risk of mortality and elevated health and social costs. The pathophysiology of major depressive disorder at different stages of the illness is still unclear and the current neurobiological hypotheses exhibit some important weaknesses.
2 Predominant neurobiological models are based on the occurrence of neurotoxic and neurotrophic processes before and during the disorder, including changes in grey matter volume that have been observed in brain structures of patients with major depressive disorder. 3, 4 Although the most replicated findings suggest losses of grey matter volume in frontolimbic areas, 5 other neuroanatomical systems may be involved in major depressive disorder. Such diversity would better mirror the psychopathological heterogeneity of this disorder. A recent meta-analysis 6 has reported that patients with remitted major depressive disorder have a significantly larger hippocampal volume compared with patients who are currently depressed. However, other clinical variables (e.g. number of previous episodes, illness onset) did not seem to be relevant in relation to grey matter volume. The different imaging techniques used in previous studies, the heterogeneity of samples and the limited overlap of results across imaging paradigms make it difficult to reliably identify neuronal regions or networks consistently affected in major depressive disorder. In addition, the fact that crucial clinical characteristics such as duration of illness have not been considered could partly explain some of the inconsistencies regarding the structures affected. For example, volumetric differences may be less marked in the early stages of the illness and more pronounced in advanced stages. We hypothesise that the clinical characteristics and the stage of the illness may affect the grey matter volume. The aims of this study were to investigate structural brain abnormalities at different stages of the illness and to determine the effect of clinical characteristics on brain grey matter volume.
Method Participants
A total of 107 individuals were recruited for the present study, which is part of a bigger project investigating in vivo neuroimaging markers of clinical illness burden, 7, 8 and who underwent an magnetic resonance imaging (MRI) protocol specifically designed for this study. Nine patients had to be excluded from the study for technical or clinical reasons. The final sample included 66 individuals with major depressive disorder (DSM-IV-TR criteria) 9 from the out-patients' psychiatric service of the Hospital Sant Pau in Barcelona, Spain, and 32 control individuals. All patients were on medication at the beginning of the study. Given that all patients were receiving different treatment regimens, a medication load index was calculated by taking the current drugs at the time of scanning following the system code proposed by Sackeim. 10 The patients were split into three different groups. The first group (n = 22, treatment-resistant/chronic group) consisted of patients with a high burden of illness, with a diagnosis of chronic depressive disorder, a last episode duration of more than 2 years, no response to several antidepressant strategies, a Thase-Rush Index 11 of treatment resistance 53, and a score above 14 on the 
Results
Voxel-based morphometry showed a significant group effect in right superior frontal gyrus, left medial frontal gyrus and left cingulate gyrus (P<0.05, family wise error-corrected).
Patients whose condition was treatment resistant/chronic exhibited the smallest volumes in frontotemporal areas.
Longer illness duration was negatively correlated with decreases in right medial frontal cortex and left insula.
Conclusions
Frontotemporolimbic areas are smaller in the patients with severe depression and are associated with duration of illness, but not with medication patterns, suggesting negative effects of long-lasting major depressive disorder on grey matter.
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Hamilton Rating Scale for Depression (HRSD); 12 the second group (n = 22, remitted-recurrent group) included patients who had experienced three or more previous episodes of major depressive disorder and were euthymic (HRSD 58) for the past 6 months. The third group (n = 22, first-episode group) comprised individuals with a first episode of major depressive disorder. Thirty-two healthy controls (control group) were also included. The exclusion criteria for healthy participants were: lifetime psychiatric diagnoses, first-degree relatives with psychiatric diagnoses and clinically significant physical or neurological illnesses. Semi-structured interviews were carried out for all participants to collect demographics and clinical information by two experienced psychiatrists. Axis I comorbidity according to DSM-IV-TR criteria was an exclusion criteria for all participants. Current depressive symptoms were assessed using the HRSD by experienced clinical researchers. All participating individuals were of a similar age (mean 46.86 years, s.d. = 7.99) to avoid age-related variations in brain structures. The study was approved by the Research Ethics Committee of Hospital Sant Pau in Barcelona and was carried out in accordance with the Declaration of Helsinki. All participants gave informed and written consent after a full explanation of the study protocol.
MRI data acquisition and processing procedures
The MRIs were obtained using a 3T Philips Achieva facility (software version 2.1. 
VBM-DARTEL analysis
The voxel-based morphometry (VBM) analyses were performed using SPM8 (www.fil.ion.ucl.ac.uk/spm) in a MATLAB 7.6.0 environment. First, MRIs were segmented into grey matter, white matter and cerebrospinal fluid using a standard segmentation model in SPM8. 13 Second, grey matter templates were generated from the entire image data-set using the diffeomorphic anatomical registration and the exponentiated Lie algebra technique (DARTEL). 14 Afterwards, an initial affine registration of the grey matter DARTEL templates to the tissue probability maps was carried out to create warped images. Images were then modulated to guarantee that grey matter relative volumes were preserved following the spatial normalisation procedure. Finally, images were smoothed with an 8 mm full-width at half maximum Gaussian kernel. Spatial pre-processing, smoothed, modulated, normalised grey matter data-sets were used to perform statistical analyses.
Cortical volume
Cortical surfaces were segmented using Freesurfer software for Linux (v.4.3.1, http://surfer.nmr.mgh.harvard.edu/) developed at the Martinos Center for Biomedical Imaging, to obtain the whole volume of every brain structure. Cortex volumes were obtained with the surface-based stream process, as described in detail in Fischl et al 15 and Dale et al. 16 First, the MRIs are affine registered to the Talairach atlas 17 and image intensity variations as a result of magnetic field inhomogeneities are normalised. Then, a skull stripping algorithm is applied 18 and the skull-stripped image is segmented into white and grey matter. Finally, the hemispheres are separated and the different surfaces are generated (white and grey). The distance between these surfaces gives the thickness at each location of the cortex. 19 Following generation of cortical models, surface inflation and the register to a spherical atlas, a parcellation of the cerebral cortex into parts based on gyrus and sulcus structure are executed. 20 The results of the cortical surface were verified by experts, and in some cases, manual modifications were applied to obtain more accurate results.
Total intracranial volume measures
Total intracranial volume was calculated in order to ensure that volume differences between participants were as a result of diagnosis instead of brain sizes. Given that two software tools were used, total intracranial volume was computed with both. To get the total intracranial volume provided by SPM8 (TIV spm ), the spm_get_volumes function was used, and segmented grey, white and cerebrospinal fluid of each rc* (registered and segmented) image was then summed up. In the case of the total intracranial volume provided by Freesurfer (TIV FreeSurfer ), values given by automatic segmentation of volume-based stream were used.
Data analyses
Demographics and clinical variables were analysed using the R statistical package version 2.10.1 for Windows. 21 Voxel-based morphometry was calculated using the DARTEL algorithm in SPM8 to quantify structural brain volumes. Group differences in absolute grey matter volume were assessed using ANOVA with subsequent post hoc comparisons. Absolute threshold mask was set at 0.2, as recommended by John Ashburner in an VBM Tutorial, 22 and other parameters were left at their default values. An additional ANCOVA with the three groups (first-episode, remitted-recurrent and treatment resistant/chronic) was performed to control for the effect of medication load (included as a covariate). Significant effects were considered using a P50.05, corrected for multiple comparisons with family-wise error (FWE) for both omnibus (no extent threshold) and post hoc (cluster extent threshold 4100) whole-brain tests.
Since SPM8 does not provide absolute volumes of a given brain region, FreeSurfer brain segmentation was used to obtain the corresponding volumes of those areas that showed significant group effects (cluster level P-value set at 50.01). These values were then correlated with relevant clinical variables such as HRSD scores, duration of illness, age at onset, medication load and number of previous episodes. Given the number of comparisons, significance level for correlation analyses was set at P = 0.01. In order to determine the percentage of volume decrease attributable to clinical variables, an additional linear regression was performed where x corresponded to clinical data and y corresponded to volumes of brain structures. The resulting y values were then divided by the interception of the regression model to get normalised values.
Results

Participants
A total of 98 participants entered the study. Table 1 shows the demographic, clinical and treatment data of patients and healthy controls. No significant differences between groups were observed in the demographic characteristics. Differences in HRSD scores, age at onset, medication load and duration of illness were as a result of patients classification based on the stage of the illness and the inclusion criteria. The first-episode group had a significantly older age at onset than the remitted-recurrent or treatmentresistant/chronic group (F = 20.9, d.f. = 2,62, P50.0001). However, this was a result of the age selection performed to minimise brain volume differences attributable to age. As expected, psychopharmacological treatments were unequally distributed across patient groups (F = 10.2, d.f. = 2,63, P50.0001). The treatmentresistant/chronic group were heavily treated, and frequently received concomitant treatment with other antidepressants, antipsychotics and/or stabilisers. There were no differences between groups with reference to TIV spm (F = 1.19, d.f. = 3,94, P = 0.32) or TIV FreeSurfer (F = 1.65, d.f. = 3,94, P = 0.18).
VBM-DARTEL analyses (SPM8)
The ANOVA of the control, first-episode, remitted-recurrent and treatment-resistant/chronic groups showed a significant group effect in right superior frontal gyrus (Brodmann area, BA 8), left medial frontal gyrus (BA 6) and left cingulate gyrus (BA 24) (F = 11.10, d.f. = 3,94, P FWE <0.05, no extent threshold; Table 2 ). Table 4 .
Effects of medication
Mean values of the medication load index for each patient group are listed in Table 1 . The ANOVA of the three groups with depression (first episode, remitted-recurrent and treatmentresistant/chronic) did not show significant differences between groups (F = 15.12, d.f. = 2,62, P40.05, P FWE ). The ANCOVA including the medication load as the covariate also failed to detect significant group effects (F = 15.04; d.f. = 2,62, P40.05, P FWE ).
Correlations between segmented brain volumes (FreeSurfer) and clinical characteristics Table 5 displays absolute volumes of the segmented regions in ml (left anterior cingulate, right superior frontal gyrus, bilateral medial frontal gyrus and left insula). Group effects were only observed in right and left medial frontal gyri (F = 4.2, d.f. = 3,94, P = 0.008 and F = 3.52, d.f. = 3,94, P = 0.018 respectively) and left insula (F = 3.19, d.f. = 3,94, P = 0.027). In post hoc analyses, individuals in the treatment-resistant/chronic group had less grey matter volume than those in the first-episode group in right medial frontal gyrus (P = 0.011) and left insula (P = 0.03). In addition, the chronic group also showed less volume than the remitted-recurrent group in both sides of medial frontal gyrus (right: P = 0.02, left: P = 0.01). Correlation analyses showed that duration of illness was significantly correlated with right medial frontal cortex (r = 70.34, P = 0.006) and with left insula (r = 70.3, P = 0.01; online Fig. DS2 ). Linear regression analysis predicted 19% of grey matter volume reductions in right medial frontal gyrus and 11.4% in left insula. The rest of the clinical variables did not correlate with those areas showing significant volume reductions.
Discussion
Main results
The findings of the present study suggest that highly deleterious structural brain changes occur in patients exhibiting a more severe and chronic depressive disorder. Grey matter volume reductions in frontolimbic areas were observed in patients with long-lasting illness and with no response to treatment strategies, providing evidence of the implication of this neural circuitry in the changing pathophysiology of major depressive disorder. The observed 4 differences were clearer when considering clinical variables related to the severity of the disorder. These findings suggest that grey matter abnormalities are directly correlated with past illness burden. The secondary analyses (using FreeSurfer) showed that individuals in the treatment-resistant/chronic group had smaller volumes in the segmented right medial frontal gyrus and left insula in comparison with those in the first-episode group, a result that was supported by the negative correlation between these two areas and duration of illness. This finding supports the potential risk of a history of severe illness on brain structures and the apparent brain preservation in the first stages of the illness. Moreover, the remitted-recurrent group showed bigger bilateral medial frontal gyrus volumes than the treatment-resistant/chronic group. This observation suggests a specific involvement of this area in maintaining depressive symptoms and refractoriness, and it is one of the targets for deep brain stimulation in patients with depression that is treatment resistant. 23 Previous studies reported that clinical outcome (response to antidepressant treatments) had a direct effect on grey matter volume in the prefrontal cortex of patients. 24 Duration of illness has also been related to greater grey matter reductions. 4 However, little attention has been paid to factors related to treatment nonresponse, whether this was as a result of a lack of response to the treatment strategy or whether patients experienced a more severe form of treatment resistance. Our findings revealed that only those patients with treatment-resistant/chronic major depressive disorder showed differences related to other clinical characteristics such as duration of illness, age at onset or number of previous episodes rather than to current symptomatology or medication load. The brain areas that seem to bear the deleterious effects of depression mainly coincide with those previously reported in patients whose condition was non-remitting: dorsolateral-prefrontal cortex, cingulate cortex, hippocampus, and medial prefrontal cortex. 24 In addition, a 7-year follow-up study 25 reported that patients with slower recovery exhibited decreased volumes of left insula, hippocampus and lateral parietal cortex. Therefore, less grey matter volume in superior and medial prefrontal cortex, cingulate gyrus, insula and parahippocampal gyrus seem to be responsible for the persistence of depressive symptoms, hampering illness recovery.
In spite of the previous findings, the aetiology of brain volume decrease remains unclear. A review by Drevets 26 identified 5 elevations of glutamate transmission and cortisol hypersecretion in major depressive disorder and suggested that grey matter volume reductions in participants with current depression could be partly explained by interactions between elevated glucocorticoid secretion and N-methyl-D-aspartate (NMDA)-glutamate receptor stimulation. Gold et al 27 also reported that the protective/ neurotrophic effects exerted by some antidepressant drugs may prevent and restore the volumetric alterations. However, an inadequate response to antidepressant strategies would most likely preclude these improvements and may even lead to a worsening as a consequence of sustained stress. These findings support the neurotoxic hypothesis, whereby a brain volume loss exists during the course of depressive illness, caused by glucocorticoid and glutamatergic toxicity, and a decrease in neurotrophic factors and neurogenesis. 25 These possible neurotoxic effects cannot be investigated in our sample for two reasons: first, although the analyses took into account the effects of medication load it is not possible to know whether patients became resistant because of previous small grey matter volume or because of the toxicity associated with longterm medication. Second, the treatment-resistant/chronic group had not been followed up from the beginning of the illness. The participants with treatment-resistant/chronic disorder had been on long-term pharmacotherapy and had received more treatment combinations (as determined by medication load index) than the other groups of patients included. In any case, the impact of being exposed to antidepressant drugs would have not been beneficial and may have entailed greater impairment on the brain areas investigated. Unfortunately, there are few studies with drug-naive major depressive disorder samples. A recent study reported thinner cortical thickness in patients with depression with a late onset who were drug-naive compared with healthy controls. 28 The affected areas were located in frontotemporal and posterior cingulate cortex. Previous studies on patients who were drugnaive showed inconsistent results about which areas show decreases in grey matter volume, and many of these studies have been reported with uncorrected significance values. It is possible that in the case of treatment resistance, both factors, being depressed for a long period of time and not responding to antidepressant combinations, contribute to the apparent brain damage. Further studies are needed to clarify the effects of medication on grey matter volumes.
Limitations of the study
This is a cross-sectional study and therefore the harmful effects of depression on grey matter volume could not be evaluated. Nevertheless, two different types of post-processing software were used to test our hypothesis about the impact of illness burden on brain structures. Both found similar differences within the medial frontal gyrus confirming our hypothesis. In addition, all main results were strictly corrected for multiple comparisons. The present study may also be limited by the older age at onset of patients with a first episode, which might cast doubt about the representativeness of this sample. Although there was no significant relationship between age at onset and brain volumes, a later onset has been associated with a better prognosis in major depressive disorder. 29 Nonetheless, this sample of individuals in the first-episode group is similar in age to the other investigated patients, providing a good comparison group to control for illness burden, and minimising the confounding effects of age-related changes in brain structures. Additionally, the grouping of patients performed in this study offers the possibility to compare patients with depression at different and well-defined stages of illness. Finally, our findings may be limited by the lack of a treatment washout period, although withdrawing antidepressant treatment to severely ill patients would constitute an ethical issue. Moreover, treatment regimens differed among groups: the treatmentresistant/chronic group, in particular, received combined treatments more frequently. Treatment effects on grey matter have not been well established yet but some evidence have suggested that antidepressant drugs may even attenuate volume decreases after successful treatment and remission. 24, 30 Nevertheless, we included an index of medication load in VBM ANCOVA with no changes in the results.
In conclusion, frontolimbic areas were reduced in the individuals who were the most severely depressed, namely those in the treatment-resistant/chronic group. The insula and the medial frontal gyrus are the most affected brain regions, which may underlie the varying pathophysiology of major depressive disorder. Further research is needed to investigate the preservation of these brain structures, known to play key roles in regulating endocrine, autonomic, behavioural and emotional responses. The interception of the regression line (x axis) was used as scaling factor to obtain normalised brain volumes. 
